Critical to vertebrate development is a complex program of events that establishes specialized tissues and organs from a single fertilized cell. Transitions in chromatin architecture, through alterations in its composition and modification markings, characterize early development. A variant of the H2A core histone, H2A.Z, is essential for development of both Drosophila and mice. We recently showed that H2A.Z is required for proper chromosome segregation. Whether H2A.Z has additional specific functions during early development remains unknown. Here we demonstrate that depletion of H2A.Z by RNA interference perturbs Xenopus laevis development at gastrulation leading to embryos with malformed, shortened trunks. Consistent with this result, whole embryo in situ hybridization indicates that endogenous expression of H2A.Z is highly enriched in the notochord. H2A.Z modifies the surface of a canonical nucleosome by creating an extended acidic patch and a metal ion-binding site stabilized by two histidine residues. To examine the significance of these specific surface regions in vivo, we investigated the consequences of over-expressing H2A.Z and mutant proteins during Xenopus laevis development. Over-expression of H2A.Z slowed development following gastrulation. Altering the extended acidic patch of H2A.Z reversed this effect. Remarkably, modification of a single stabilizing histidine residue located on the exposed surface of an H2A.Z containing nucleosome was sufficient to disrupt normal trunk formation mimicking the effect observed by RNA interference. Taken together, these results argue that key determinants located on the surface of an H2A.Z nucleosome play an important specific role during embryonic patterning and provide a link between a chromatin structural modification and normal vertebrate development.
Introduction:
Variant histones have been identified in all eukaryotes and evidence exists that they define specialized functional domains within the genome. At the centromere, for example, the core histone H3 is replaced by the CENP-A 1 variant to impart a unique structure to centromeric chromatin (1) . A number of H2A variants have been described at defined locations in the genome: H2A.X at sites of DNA double-strand breaks (2), H2ABbd deficient from the Barr body (3) and macroH2A on the mammalian inactive X chromosome (4). H2A.Z histone variant is highly conserved suggesting an important role however, to date, defining the function and localization of H2A.Z has remained elusive. The first hypothesis, derived from its preferential localization in Tetrahymena to the transcriptionally active macronucleus and the micronucleus during a brief transcriptional period prior to conjugation, proposed that H2A.Z has a role in the activation of transcription (5, 6) . In budding yeast, H2A.Z was suggested to be necessary for gene activation at the PHO5 and GAL1 promoters in cooperation with a chromatin remodelling factor (7) . On the other hand, others suggested that H2A.Z was involved in gene silencing at telomeres and the HMR locus (8) . More recently it was shown that H2A.Z containing chromatin may act as a buffer between active and inactive regions by structurally altering chromatin to prevent the spreading of silencing factors (9) .
Although these investigations have defined a role for H2A.Z in the transcription of some genes in yeast, it is important to note that in budding yeast H2A.Z is not essential. We propose that H2A.Z has additional roles in higher eukaryotes. A role at constitutive heterochromatin is indicated by the enrichment of H2A.Z at pericentric heterochromatin, with HP1α, in early mouse extra-embryonic A role for H2A.Z in embryonic development cells (10) . Importantly, a reduction in H2A.Z expression in mammalian tissue culture cells by RNAi leads to a loss in heterochromatin stability and abnormal chromosome segregation (11) . Consistent with these findings, deletion of the H2A.Z gene in fisson yeast Saccharomyces pombe results in genome instability (12) .
H2A.Z may have additional specific functions during early development. Loss of H2A.Z in Drosophila and mice is lethal with the defect occurring early in embryonic development (13-15).
Subsequent investigation during mouse blastocyst outgrowth revealed that the localization and expression pattern of H2A.Z differed in early cell lineages (10) . Furthermore, analysis of the H2A.Z gene promoter in human embryonal carcinoma cells identified an element that regulates its expression during differentiation suggesting that H2A.Z may be acting at defined stages of cell specialization (16) . Therefore, H2A.Z may also have a specific role in the development of certain tissues.
Xenopus laevis is an ideal system to investigate the role of chromatin in regulating early developmental events. On fertilization, the activated Xenopus laevis egg undergoes a global transcriptional silencing for 12 cleavage divisions until the midblastula transition (MBT) when embryonic transcription commences (17, 18 ). It appears that this early silencing is maintained by vast pools of maternal histones, which inhibit the formation of the basal transcriptional machinery and translation (19, 20) . Histone variants of the H1 linker histone have been reported to specifically control embryonic gene expression patterns in Xenopus laevis. The accumulation of somatic H1
linker histone regulates the loss of mesodermal competence during gastrulation (21, 22) and overexpression of somatic H1, but not the maternal H1 linker variant B4, reduces mesoderm specific myoD induction (21) . Therefore, evidence suggests that general chromatin components are involved in pattern-formation processes during early Xenopus laevis development. Interestingly, and in contrast to early mouse development (15) , Xenopus H2A.Z is expressed at a low level during early development # but its expression increases and peaks at gastrulation (23).
Previously we used H2A to H2A.Z domain swap experiments in Drosophila to identify a region in the H2A.Z C-terminus, the docking domain, as being essential for development in flies (14) . The docking domain stabilizes the interaction between the H2A/H2B dimer and the H3/H4
tetramer and makes a significant contribution to the nucleosomal surface. The crystal structure of an H2A.Z containing nucleosome showed that the major difference from a canonical nucleosome is an altered surface due to amino acid changes in the docking domain. Interestingly, one major difference was two histidine residues that bound a metal ion and are indicative of a protein/protein interaction interface (24) . Our objective in this investigation was to determine whether H2A.Z has a specific developmental role and to define the essential amino acid residues in H2A.Z required for such a function.
Experimental Procedures:

DNA constructs
To express wild-type murine H2A, wild-type murine H2A.Z or H2A.Z with alterations to specific amino acid residues, H2A.Z cDNA fragments were generated by PCR and sub-cloned into the RNA expression vector pβGFP/RN3 (25) . Alterations to the wild-type H2A.Z sequence were made to produce the following H2A.Z derivatives: H2A.Z NQ (the two evolutionarily conserved histidine residues at positions 112 and 114 changed to asparagine and glutamine residues, which are the identically positioned amino acid residues in H2A), H2A.Z NH (only one histidine at position 112 altered to asparagine), H2A.Z CS (the C-terminal α-helix of H2A.Z (amino acid residues swapped with the equivalent region of H2A), H2A.Z NK (two amino acid residues within the C-terminal α-helix of H2A.Z at amino acid position 97 and 98 in H2A.Z changed from aspartic acid to asparagine and serine to lysine respectively to correspond to H2A residues at the same position) and H2A.Z/EGFP {wild-type H2A.Z fused at its C-terminus to the EGFP cDNA as described in (26)}.
Embryo culture and microinjection
Xenopus laevis embryos were obtained from in vitro fertilized eggs according to standard protocols (26) . Embryos were microinjected into the animal pole of one or both blastomeres at the 2-cell stage of development with 1 to 10ng of in vitro transcribed mRNA in a total volume of 9.2 to 27.6nl using a nanoject injector (Drummond) depending on experimental demands and as previously described (19) . Synthetic annealed 21bp H2A.Z RNAi (AMBION) (100µM) was injected into each blastomere of a two-cell stage embryo in a volume of 27.6nl. Staging of embryos was according to Niewkoop and Faber (27) .
In vitro RNA preparation and RNA interference
RNA for microinjection was transcribed in vitro, from cDNA using T3 RNA polymerase. The RNA was 5'-capped and contains stabilizing 5' and 3' β-globin untranslated regions specifically designed to maximize exogenous protein expression in Xenopus laevis embryos (25) . RNA was purified and quantified by both electrophoresis and UV analysis and diluted to required concentrations in injection buffer as described in (26,28 
In situ hybridization
Whole mount in situ hybridisation was performed as previously described (29) except without the use of xylene for removal of lipids nor hydrolysis of probes given the short length of the RNA (28).
Probes were hybridised at 60 o C. The H2A.Z probe was an antisense RNA incorporating the whole translated region produced by the same in vitro technique used to produce mRNA for microinjection but with a digoxigenin-substituted ribonucleotide. Control embryos were treated in the same manner as the test embryos with the omission of probe. BCIP/NBT (Sigma) was used as the colour substrate.
Embryos were dehydrated with a series of glycerol solutions of increasing concentration and mounted in 70% glycerol. A Leica MZFL III with the IM50 software was used for image capture.
Results:
Depletion of H2A.Z disrupts embryo development following gastrulation
To determine whether H2A.Z is important for Xenopus development we chose two parallel complementary approaches to perturb H2A.Z activity. Endogenous H2A.Z function was disrupted using double-stranded RNA interference (RNAi) and by a dominant-negative approach (see below). When RNAi complementary to Xenopus H2A.Z was microinjected into two blastomeres of a two-cell stage embryo over 35% of embryos displayed a specific defective phenotype ( Figure 1 ).
The level of total H2A.Z mRNA was reduced by 20-30% in these embryos (determined by RT-PCR normalized to H4 mRNA levels) consistent with other reports of RNAi in Xenopus (30,31) (data not shown). The abnormal phenotype was first evident at gastrulation as a failure of the blastopore to close leading to embryos with shortened trunks and a malformed neural plate at the tailbud stage.
This effect was specific since neither mouse H2A.Z RNAi nor a scrambled RNAi produced a marked increase in defective embryos relative to uninjected controls ( Figure 1A ). To confirm that the malformation was indeed attributed specifically to H2A.Z, we co-injected H2A.Z RNA in a series of rescue experiments ( Figure 1B-F ). Compared to control embryos which developed normally ( Figure   1B ), over half of Xenopus H2A.Z RNAi injected embryos displayed a gastrulation defect as illustrated in Figure 1C . It is important to point out that embryo trunks were severely shortened and malformed whereas the anterior head region appeared normal suggesting that specific tissues were affected. The percentage of malformed embryos was reduced following H2A.Z RNA co-injection, in a dose dependant manner, to similar levels as those observed with injection of mouse or scrambled
RNAi (approximately 10% Figure 1F ). Not only were there fewer malformed embryos in the H2A.Z rescued embryos but the malformations were generally less severe (compare Figure 1C to D and E).
These experiments indicate that H2A.Z has a role in progression of Xenopus early development beyond gastrulation in specific tissues.
[insert Figure 1 here]
Microinjected H2A.Z mRNA is expressed and in the nucleus
We propose that macromolecular determinants located on the nucleosome surface play a fundamental role in controlling chromatin function. To identify specific molecular determinants located on the surface of an H2A.Z containing nucleosome that are required for normal development we chose an over-expression strategy. Firstly, to confirm that injected H2A.Z mRNA is expressed and nuclear an H2A.Z/EGFP fusion protein was used to visually monitor the expression of exogenous H2A.Z because levels of protein were too low for standard immunodetection. Figure 2 shows that the injected H2A.Z/EGFP fusion protein was first detected at approximately stage 7 of development before the initiation of embryonic transcription at the mid-blastula transition (MBT).
Significantly, before the MBT the H2A.Z/EGFP fusion protein is found in a diffuse pattern, not associated with chromatin, within cells of the early cleavage stages (Figure 2 panel B) . During these early divisions of rapid genome replication, the interphase nucleus is not reconstructed and DNA remains highly methylated suggesting that chromatin has a unique structure until the MBT (32). (Figure 3 ) and that the acidic patch functionally distinguishes H2A.Z from H2A. In vitro structural analyses led us to suggest that the extended acidic patch of H2A.Z is responsible for the ability of H2A.Z to produce a more compact secondary chromatin structure (34)*.
[insert Figure 4 here]
The unique H2A.Z containing nucleosomal surface is essential for correct mesoderm development
Based on our predicted functionally significant regions of the protein, we made other mutations in H2A.Z cDNA that may be important to its activity in vivo during Xenopus laevis early development ( Figure 4A and B) . Injection of RNA expressing some H2A.Z mutant proteins produced a striking defect beginning at gastrulation and resulting in aberrant development and failure of the blastopore to close ( Figure 4C and D). It is worth noting that the RNA interference and dominant negative approaches yielded a defect in only a fraction of injected embryos (as observed in other studies using a similar strategy (28,30,35)) since injected RNA levels were intentionally kept to a minimum to eliminate non-specific effects. Significantly, this defect was uniform for all mutant embryos and was similar to the phenotype observed using RNA interference. Embryos ultimately displayed a shortened trunk and opening of varying size in their dorsal surface ( Figure 4D panels H and J). The "H2A.Z dominant-negative" phenotype was only observed with a subset of mutations suggesting that they have lost functionally important regions of H2A.Z.
The most significant mutations were in the two histidine residues that lie in the proposed region for protein/protein interactions (24) . When one (H2A.Z NH ) or both (H2A.Z NQ ) of these residues are altered, it gives rise to the dominant-negative phenotype in over 50% of embryos ( Figure   4C ). Interestingly, these histidine residues in H2A.Z are not found in yeast ( Figure 4E ). Since these sites are functionally relevant in Xenopus laevis, they may define a distinct activity for development of higher eukaryotes.
The second mutation, in which a region encompassing the α-helix of H2A.Z was replaced with the equivalent region of H2A (H2A.Z CS ), produced a dominant-negative phenotype in approximately 40% of embryos. In Drosophila this mutant protein could not rescue the H2A.Z null phenotype and flies died early in development (14) . We conclude that two regions that include the Cterminal α-helix and the two histidine residues, located on the surface of an H2A.Z nucleosome are vital for H2A.Z function, and over-expression of these mutant proteins interferes with Xenopus laevis development in a tissue and developmental specific manner.
[insert Figure 5 here]
H2A.Z is enriched in tissues of chordamesodermal origin
The ability of some H2A.Z mutants to generate a uniform dominant-negative phenotype affecting mesoderm formation raises the possibility that it plays a specific role in the development of these tissues. If this is the case H2A.Z expression may be regulated differently in mesoderm specific cells. Previous reports of developmental H2A.Z expression patterns in Xenopus laevis embryos showed that H2A.Z RNA is present in oocytes but on fertilization H2A.Z is poorly expressed until gastrulation when it has a ubiquitous high expression profile (23) . However when we investigated the localization of endogenous H2A.Z RNA in more detail we found that it is clearly enriched in specialized tissues ( Figure 5 compare panels A-E to panels F,G,I and J). Xenopus laevis H2A.Z RNA is preferentially expressed in the notochord and defined regions of the primitive ear. This pattern corresponds to tissues of mesoderm origin that arise from convergent extension during gastrulation.
Discussion:
Results presented here show enrichment of an H2A histone variant within a specific tissue and its necessity for normal development. Perturbation of H2A.Z by an RNA interference and an over-expression and dominant-negative approach demonstrate that this variant is required at gastrulation for correct mesoderm formation. Notably, a region on the surface of the H2A.Z containing nucleosome is critical, providing a vital link between a specific structural chromatin remodelling event and a developmental pathway. The nature of the unique H2A.Z containing nucleosomal surface suggests that H2A.Z acts by recruiting nuclear proteins or by altering nucleosome/nucleosome interactions. In support of this hypothesis, mutation of a single histidine residue within the surface domain, gives rise to a uniform developmental defect in mesoderm formation. The essential histidine residues are not present in yeast H2A.Z suggesting that H2A.Z may have evolved additional roles necessary for development in higher eukaryotes. One role requires the NK residues on the acidic patch that we have recently shown can modify the structure of nucleosomal arrays*. We believe that this acidic patch region is important for heterochromatin formation and thus necessary for proper chromosome segregation. Here we identify a unique surface domain that is required for a second role being vital for early development.
Gastrulation is a critical stage in mesoderm development when two pathways of mesoderm progression are defined. The regions that involute first form the prechordal mesoderm pathway and the later involuting regions form the chordamesoderm which gives rise to the notocord. The prechordal mesoderm cells develop by active cell migration leading to the formation of the head region whereas chordamesoderm progresses by convergent extension resulting in the movement of cells to define the anterioposterior axis and the notocord (36) (37) (38) . Recent evidence implicates the transcription factor Xenopus brachyury (Xbra) as an essential factor for convergent extension that actively inhibits cell migration and thereby distinguishes these two processes during gastrulation by guest on September 16, 2017 
